The heat and mass transfer processes of natural convective condensation with noncondensable gases are very important for the passive containment cooling system of water cooled reactors. Numerical simulation of natural convective condensation with noncondensable gases was realized in the Fluent software by adding condensation models. The scaled AP600 containment condensation experiment was simulated to verify the numerical method. It was shown that the developed method can predict natural convective condensation with noncondensable gases well. The velocity, species, and density fields in the scaled AP600 containment were presented. The heat transfer rate distribution and the influences of the mass fraction of air on heat transfer rate were also analyzed. It is found that the driving force of natural convective condensation with noncondensable gases is mainly caused by the mass fraction difference but not temperature difference. The natural convective condensation with noncondensable gases in AP1000 containment was then simulated. The temperature, species, velocity, and heat flux distributions were obtained and analyzed. The upper head of the containment contributes to 35.1% of the total heat transfer rate, while its area only takes 25.4% of the total condensation area of the containment. The influences of the mass fraction of low molecular weight noncondensable gas (hydrogen) on the natural convective condensation were also discussed based on the detailed species, density, and velocity fields. The results show that addition of hydrogen (production of zirconium-water reaction after severe accident) will weaken the intensity of natural convection and the heat and mass transfer processes significantly. When hydrogen contributes to 50% mole fraction of the noncondensable gases, the heat transfer coefficient will be reduced to 45%.
Introduction
Safety is the life of nuclear energy. Nuclear power plant takes the concept of defense in depth when designing its safety systems. Reactor containment is the last barrier protecting from leakage of nuclear material. The pressure and temperature in the reactor containment should be kept below the design value to keep its integrity at any accident. The third generation nuclear power plants (such as AP600 and AP1000) introduce passive containment cooling systems to cool their containments and maintain their pressure and temperature below safety limits after severe accident. The heat and mass transfer processes of steam condensation with noncondensable gases after severe accidents are the key phenomena of passive containment cooling system for nuclear power plants [1] . After severe accidents, large amount of air will be present in the containment while steam condensates on the reactor containment wall. Previous investigations showed that a very small amount of noncondensable gases will degrade the heat transfer of condensation significantly [2, 3] . If severe accidents with core melt happen, hydrogen will be generated by Zr-water reaction. This will make the natural convective condensation of steam, air, and hydrogen mixture more complicated [4] .
With the condensation of steam, the noncondensable gases tend to accumulate at the interface. The accumulation of noncondensable gases at the gas-liquid interface will decrease the heat and mass transfer in two aspects. On one hand, the noncondensable gases inhibit steam diffusing from the gas mixture to the liquid film. On the other hand, since the total pressure remains constant, the accumulation of noncondensable gases also decreases the steam partial pressure and saturation temperature at the interface, which reduces the temperature difference between the interface and the wall, − . This is the driving force for steam condensation, as shown in Figure 1 . For the heat transfer of condensation with the presence of noncondensable gases, the total heat transfer resistance consists of three parts. As shown in Figure 2 ., they are the condensation resistance, 1/ℎ , the convection resistance, 1/ℎ V , and the conduction resistance of condensation film, 1/ℎ . The total heat transfer resistance can be expressed as
A number of experiments have been done to investigate the condensation with noncondensable gases. Empirical correlations were obtained based on the experimental data [5] [6] [7] [8] [9] . These correlations can only be used for the verified conditions and geometry. The difference will be large when they are used for different thermal-hydraulic conditions and different geometries. Theoretical research has also been conducted. The heat and mass transfer analogy theory [3, [10] [11] [12] [13] [14] [15] was developed. In this method, the pure condensation heat transfer rate (condensation rate) is obtained through the mass and heat analogy. However, the correlations are semiempirical, and some empirical coefficients were needed. In recent years, condensation with the presence of noncondensable gases has been analyzed using computational fluid dynamics method [16] [17] [18] [19] [20] [21] [22] . A condensation model is usually not included in commercial CFD software and must be developed by users. Fu et al. [23] realized numerical simulation of the convective condensation of steam-air mixture and steam-helium mixture in vertical tubes through implementing source terms into the conservation equations. The developed numerical method can simulate convective condensation of steam-air mixture well. The advanced pressurized reactor AP1000 adopts double containments structure, including the inner steel containment and the outer concrete containment. Upon a postulated nuclear plant accident where high pressure and high temperature water escapes into the steel containment in the form of superheated steam, the pressure and temperature in the steel containment will increase. Condensation heat transfer is an important physical process that helps keeping the temperature and pressure in containment within the design limits and ensures the containment integrity. However, Science and Technology of Nuclear Installations 3 the presence of noncondensable gases in the containment degrades the heat transfer processes. An accurate model for condensation with noncondensable gases is, therefore, essential.
In present work, natural convective condensation with noncondensable gases in the containment will be simulated using the ANSYS FLUENT software. AP600 scaled experiment will be first simulated to verify the numerical method. Then the natural convective condensation in AP1000 containment after severe accident will be simulated. The velocity, species, and density distribution and the effect of hydrogen on steam mixture condensation will be analyzed. The test vessel has two 0.91 m long aluminum condensing plates, one oriented vertically and the other horizontally. The horizontal condensing plate is in the top right hand corner of the test vessel. The condensing plate thickness and the vessel thickness are both 30.48 cm. Each condensing plate was divided into six sections, so that the temperature of condensing plate was kept at a fixed value by cooling each section individually. Coolant water passed through the cooling plates. The other boundary walls were adiabatic conditions. A mixture of air and steam entered the facility from nineteen inlets along the bottom of the test section. The total system pressure remained constant at 1 bar, and the aluminum condensing plates were held at a temperature of approximately 30 ∘ C. This paper simulates four experiments with different air mass fractions, as shown in Table 1 .
Numerical Method
Since the mixed gas temperature differences and concentration differences in the vessel thickness direction are small (the side walls are adiabatic), the heat and mass transfer in the vessel can be simplified to two-dimensional simulation. Steam is injected into the bottom of the test vessel through 19 evenly spaced nozzles, and the 19 nozzles were simplified to one inlet in the simulation. The geometry was meshed with structural grids using Gambit 2.4.6; the near wall elements were refined to insure that y+ was less than 1. The geometry and mesh of the scaled AP600 containment are shown in Figure 3 . The system operating pressure was 1 bar. The constant wall temperature boundary condition was used at the top condensation wall and the vertical condensation wall, the other walls were adiabatic. No-slip boundary condition was used for all the walls. The inlet superheated steam pressure was 1.7 bars and the inlet steam temperature was 125.13 ∘ C; the steam mass flow rate was adjusted to reach the test steady state.
. . . AP
Containment. Since this paper mainly focuses on the influences of noncondensable gases on convective condensation, the pressure vessel and other equipment in the AP1000 containment were ignored in this simulation. Due to the large free spaces in the reactor containment, this assumption will not influence the overall natural convection flow pattern. As shown in Figure 4 , the upper head is 11.4681 m high, and the total height is 54.1655 m [24] . Since the geometry is axisymmetric, the two-dimensional axisymmetric model is used. After the LOCA accident, the AP1000 reactor core will be flooded; water is heated and evaporates from the containment bottom. So the containment bottom was set as an evaporation wall, which supplies saturation steam continuously. The simplified AP1000 containment geometry is shown in Figure 4 (a). The geometry was meshed using Gambit 2.4.6; the near wall elements were refined to insure that y+ was less than 1. The mesh of AP1000 containment is shown in Figure 4 (b).
. . Condensation Model and Boundary
Conditions. The condensation model in this paper includes the continuity, momentum, and energy conservation equations along with the species conservation equation. The standard k-model was used in this work for the closure of the Reynolds stress term. The enhanced wall treatment was used for the near wall treatment. The Reynolds Averaged Navier Stockes equations and the transport equations for k and can be found in [23, 25] . Gravity is the driven force of natural convection. The mixture gas gravity was considered in the simulation.
The condensation process was modeled by introducing appropriate source terms into the mass, momentum, energy, and species conservation equations in cells most adjacent to the wall. The source terms were incorporated into the FLUENT code through User Defined Functions (UDFs). The condensation film was not modeled.
The detailed expressions of the source terms of the governing equations have been presented by Fu et. al [23] . However, they are described here with more explanation. According to Fick's first law of diffusion and the solution of Stefan flow, the steam condensation mass flux in the cells most adjacent to the condensation wall can be expressed as [10] 
where Δ is the thickness of cell most adjacent to the condensation wall, ,c is the molar fraction of noncondensable gases in the cell most adjacent to the condensation wall, ,w is the molar fraction of noncondensable gases at the condensation wall, calculated by , = (1 − V, )/ , V, = ( ) is the saturation pressure based on the wall temperature, V is the laminar mass diffusion coefficient, and is the gas constant.
Since the interface is impermeable to air, the gas mixture mass source term is equivalent to the steam source term:
The momentum source term can be expressed as
The energy source term is
If the steam molar fraction in the cell is larger than the steam molar fraction at the condensation wall, v,c > v,w , condensation takes place and the source terms are calculated according to (3)- (6) . Otherwise, the source terms are zero. If the steam molar fraction in the cell is smaller than the steam molar fraction at the bottom evaporation wall, v,c < v,w , evaporation takes place. The source terms of evaporation are similar to the condensation source terms, and the evaporation source terms are positive, while the condensation source terms are negative. The constant wall temperature boundary was set at the containment upper header condensation wall and the vertical condensation wall. The bottom evaporation wall was also set as constant wall temperature, and the steam mass fraction was 1. The mixture gas was considered as ideal gas, with the mixture gas density calculated based on the ideal gas state equation. The specific heat, thermal conductivity, viscosity, and other properties of each species were set as a polynomial variation of temperature. The properties of the mixture gas were calculated by the mass-weighted average properties of each species. The governing equations were discretized using the finite volume method. The convection terms of the equations were discretized using the Quick scheme. SIMPLE method was used for the pressure-velocity coupling. Convergence determination of the calculations was based on the history of several variables chosen at different locations of the computational domain as well as the classical residual decrement.
Natural Convective Condensation with
Noncondensable Gases in Scaled AP600 Containment Experiments
. . Numerical Method Verification. In order to verify the numerical model and the ability of the developed method to simulate natural convective condensation with noncondensable gases, Anderson's AP600 containment experiment was first simulated. The heat transfer coefficients from the simulation results and Anderson's test data are shown in Figure 5 . It can be seen that the heat transfer coefficient decreases with the increasing of air mass fraction, and the deviations between the simulation results and the test data are within 5%. The CFD simulation method in this work can be used to simulate the natural convective condensation process with the presence of noncondensable gases.
. . Velocity, Species, and Density Distributions. Figure 6 shows the velocity and streamlines in the scaled containment vessel. It clearly shows that natural convection is established in the vessel. The gas mixture flows upward at the left and then hits the top wall and flows downward along the right wall. Then the noncondensed gas mixture (air and steam) flows to the left, after mixing with the newly added steam from the nozzle, and the mixtures flow upward again. The maximum velocity of 0.95 m/s is obtained at the right condensation wall. The gas mixture releases heat and steam condensates at the top and right walls, leading to the decrease of temperature and stream mass fraction. Figure 7 shows the steam mass fraction distribution in the vessel. It is shown that steam mass fraction decreases significantly near the condensation walls. There exists a thin layer with low steam mass fraction near the condensation walls. The volume averaged steam mass fraction is about 0.3, while in the near wall region the steam mass fraction can reach 0.1 or even lower. The minimum steam mass fraction is in the right upper corner of the vessel. Figure 8 shows the density distribution in the scaled containment vessel. It can be seen that the densities near the top and right vertical wall are much larger than the average density and that near the left wall. This is mainly due to the larger air mass fraction of gas mixture in these regions. The molecular weight of air is about 29 g/mol, while that of steam is only 18 g/mol. The density decrements induced by temperatures in these regions are much smaller compared with mass fraction. This is the key difference between natural convection of condensation with noncondensable gases and the conventional natural convection. So the driving force of natural condensation with noncondensable gases is mainly the mass fraction difference but not the temperature difference. From this finding, we can deduce that the molecular weight of the noncondensable gases will also influence the natural convection and the total heat transfer coefficient. mass fraction. The condensation mass flux also decreases along the flow direction. This is because the concentration difference between the bulk and the wall decreases gradually in the flow direction. The distributions of condensation mass flux along the vertical condensation wall with various air mass fractions are shown in Figure 10 . Figure 10 also shows that the condensation mass flux decreases with the increasing of air mass fraction. The condensation mass flux also decreases along the flow direction. The comparison of Figures 9 and 10 shows that the condensation mass flux at the top condensation wall is obviously larger than that at the vertical condensation wall.
The comparison of total heat flux at the top wall and the right vertical wall with various air mass fractions is shown in Figure 11 . The heat flux at the top wall is larger than that at the right vertical wall, especially for the low air mass fraction condition. This is due to the larger mass fraction of steam at the top wall as shown in Figure 7. 
Natural Convective Condensation with Noncondensable Gases in AP1000 Containment
After a large LOCA (loss of coolant accident) accident, steam will be released in the containment fill with atmospheric pressure of air. With the progress of the accident, the bottom of the containment will be flooded, and the residual heat will heat the water at the bottom of the containment. Steam evaporates from the bottom and condensates on the inner surface of the containment. For a typical condition after a large LOCA accident, the temperature in the containment is 380.35 K, the gas mixture pressure is 0.2565MPa [26] , the steam molar fraction is 50%, and the steam mass fraction is 39%. The outer wall temperature of containment is 100 ∘ C. These conditions will be used for the simulation.
. . Velocity, Species, Temperature, and Density Distributions.
The operation pressure is 0.2565 MPa, the condensation wall temperature is set as 373.15 K, and the temperature of gas mixture is 380.35 K. The velocity contour and streamlines are shown in Figure 12 . It can be seen that gas mixture flows upward along the symmetry axis and then hits the upper head and flows downward along the vertical wall, until it reaches the bottom evaporation wall. The maximum velocity of 2.95 m/s is reached at the central axis of the containment. The velocity near the upper header and right vertical wall can be more than 1 m/s.
The distribution of gas mixture temperature is shown in Figure 13 . It can be seen that the gas mixture near the condensation wall has low temperature, and the gas mixture near the evaporation wall has high temperature. However, the maximum temperature difference in the reactor containment is only 21 ∘ C. The distribution of steam mass fraction is shown in Figure 14 . The steam mass fraction increases after flowing over the bottom evaporation wall and reaches the maximum. Then the steam mass fraction decreases when approaching the condensation wall. Figure 15 shows gas mixture density contour in the reactor containment. The gas mixture density near the condensation wall is the largest, and the value is about 2.1 kg/m 3 . The gas mixture density near the evaporation wall is the smallest, and the value is about 1.8 kg/m 3 . The difference is about 16.7%. This density difference is the origin of the driving force. Using the ideal gas model, the 21 ∘ C temperature difference shown in Figure 13 can only introduce about 5% density difference. So the other 10% density difference is caused by the mass fraction difference shown in Figure 14 . This also supports the conclusion that was reached in the simulation of scaled AP600 containment experiments. the gas mixture flows upward and hits the upper head at x=0 m, which will make the heat and mass transfer coefficients larger. Another reason is that the steam mass fraction here is the highest, so the condensation mass flux will be the highest. total heat transfer rate, even though the upper cover area is only 25.4% of the total condensation area. We can get a conclusion that the condensation heat transfer at the upper cover is essential for the containment cooling system.
Science and
The influence of temperature difference on heat flux was investigated by varying the temperature difference between the evaporation wall and the condensation wall. With the increasing of the temperature difference between the evaporation wall and the condensation wall, the driving force increases, resulting in the increasing of the heat flux, as shown in Figure 17 . It can also be seen that the total heat transfer of gas mixture mainly depends on the condensation heat transfer, while the contribution of convective heat transfer of gas mixture is little. . . Effects of Hydrogen in the Noncondensable Mixture. The effects of small molecular weight gas (such as hydrogen) on natural convective condensation with noncondensable gases mainly consist of two aspects. On one hand, the hydrogen will increase the diffusion coefficient, which means steam diffuses more easily from the small molecular weight gas compared to the large molecular weight gas. On the other hand, hydrogen will decrease the density of gas mixture when steam condenses, leading to the decrease of the natural circulation driven force. So, hydrogen affects the natural convective condensation with noncondensable processes by increasing of condensation wall is set as 373.15 K, and the steam mole fraction of total gas mixture is 50%, which is the same as previously done. Cases with different percentage of hydrogen are simulated. The percentage of hydrogen in the noncondensable gases changes from 0% to 100%. With the increase of the hydrogen mole fraction, the steam diffusion coefficient will increase, as shown in Figure 18 . Figure 19 shows the maximum concentration (or species) gradient and maximum gas mixture velocity in the containment will decrease with increasing hydrogen concentration. The effect of hydrogen on heat transfer coefficient of gas mixture is shown in Figure 20 . The heat transfer coefficient decreases with the increase of hydrogen mole fraction. When the hydrogen mole fraction of total noncondensable gases is larger than 30%, the heat transfer coefficient will decrease sharply. When the hydrogen molar concentration of total noncondensable gases reaches 50%, the heat transfer coefficient of steam-hydrogenair mixture is only about 55% of the steam-air mixture.
Conclusions
Simulation of natural convective steam condensation with noncondensable gases in reactor containment was realized by adding source terms in commercial software. The calculation results were compared to the scaled AP600 containment atmospheric experiments. Then the natural convective steam condensation with noncondensable gases in the AP1000 reactor containment was simulated. The detailed velocity, temperature, mass fraction, and density fields and their influences on the heat and mass fluxes were analyzed. The influences of hydrogen on the natural convection and heat and mass flux were also investigated. The conclusions are as follows.
(1) The simulation results of the total heat transfer coefficients compared well with the scaled AP600 containment test data. The deviations are within 5% for different mass fraction of air. The method can be used to simulate natural convective condensation with the presence of noncondensable gases.
(2) The key difference between natural convection of steam condensation with noncondensable gases and the conventional natural convection is the origin of the density difference or the driving force. The mass fraction difference caused density difference which will influence the driving force of natural convection of steam condensation with noncondensable gases. It is related to the mole fraction of noncondensable gases and also the molecular weight of the steam and noncondensable gases.
(3) The temperature, steam mass fraction, density, and velocity contours for the natural convective condensation processes in AP600 scaled containment experiments and AP1000 containment were obtained. The total heat transfer of gas mixture mainly depends on the condensation heat transfer, while the contribution of convective heat transfer of gas mixture is little. The condensation mass flux decreases with the increase of air mass fraction. The condensation heat transfer at the upper cover is essential for the containment cooling.
(4) Hydrogen affects the natural convective condensation processes by increasing the steam diffusion and decreasing the buoyance force. Hydrogen will decrease natural convective condensation heat transfer coefficient by 45% when it contributes to 50% of the molar fraction of the noncondensable gases. 
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